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We develop a theory for optical Faraday rotation noise in two-dimensional Dirac materials. In
contrast to spin noise in conventional semiconductors, we find that the Faraday rotation fluctuations
are influenced not only by spins but also the valley degrees of freedom attributed to intervalley scat-
tering processes. We illustrate our theory with two-dimensional transition metal dichalcogenides and
discuss signatures of spin and valley noise in the Faraday noise power spectrum. We propose optical
Faraday noise spectroscopy as a technique for probing both spin and valley relaxation dynamics in
two-dimensional Dirac materials.
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Introduction.– The discovery of two-dimensional (2D)
Dirac materials has been a rapidly unfolding trend re-
cently [1]. Materials such as h-BN [2] and transition
metal dichalcogenides, in particular MoS2 semiconductor
[3], hold great promise for electronic and optical applica-
tions [4]. An important feature of these Dirac semicon-
ductors is their intrinsic valley degrees of freedom that
can couple to magnetic perturbations. 2D Dirac materi-
als are also promising candidates for implementing spin-
tronic devices due to their potential in achieving long
electron spin life-time and achieve non-dissipative control
of spin and valley currents via the quantum spin/valley
Hall effect [5]. However, the spin dynamics of near-
equilibrium Dirac electrons in 2D MoS2 is difficult to
explore with a standard optical pump-probe setup be-
cause of strong excitonic effects [6].
The recently developed optical spin noise spectroscopy
(SNS) [7] is an alternative technique to explore spin dy-
namics in semiconductors. It has been used successfully
to determine the spin coherence and spin relaxation times
in bulk GaAs [8], quantum wells [9, 10], and quantum
dots [11]. Spin noise is studied via illumination of a lin-
early polarized light on a mesoscopic region of the sample.
The Faraday rotation angle of the polarization axis of the
measurement beam is proportional to the instantaneous
total spin polarization and can be detected with a sen-
sitivity reaching a single spin level [12] and picosecond
time resolution [13]. The noise power spectrum typically
exhibits a peaked profile in a magnetic field transverse
to the measurement axis, with the peak location yielding
the g-factor and the broadening yielding the spin relax-
ation time. Importantly, SNS is a minimally invasive
approach that does not require to artificially create a
strongly nonequilibrium spin polarization.
In this Letter, we develop a theory of the optical spin
noise spectroscopy for two-dimensional Dirac semicon-
ductors. We take 2D MoS2 as the prototypical exam-
ple and study its spin noise dynamics within a Langevin
equation framework. We identify and discuss regimes
of interest where fluctuations due to spin flip and inter-
valley scattering events predict measurable signatures in
the Faraday noise power spectrum from which informa-
tion about spin and valley relaxation processes can be
inferred. Our main finding is that the Faraday rotation
noise of Dirac electrons is sensitive to fluctuations in both
spin and valley degrees of freedom. Since the noise con-
tribution from spins is sensitive to an external magnetic
field, it should be possible to clearly separate spin and
valley dynamics.
Faraday Rotation Fluctuations.– We first establish a
general relationship between the Faraday rotation fluc-
tuations and the spin noise in a 2D system of degenerate
itinerant electrons. To this end, we define the positive
and negative helicity components of the optical conduc-
tivity tensor as σ± = σxx ± iσxy, where σxx and σxy are
the longitudinal and Hall conductivities of the 2D system.
The real part Reσ± = Reσxx∓ Imσxy corresponds to dis-
sipative on-shell electronic transitions whereas the imag-
inary part Imσ± = Imσxx ± Reσxy corresponds to dissi-
pationless virtual transitions. Throughout this Letter we
adopt ‘natural units’ by normalizing optical conductivi-
ties by the speed of light c so that σxx, σxy are in units
of the fine structure constant α ≈ 1/137. Analysis of the
electromagnetic transmission problem through the 2D
layer [14] yields the Faraday rotation θF = (θ+ − θ−)/2,
where θ± = − tan−1[2piImσ∓/(1+2piReσ∓)] is the phase
of the positive and negative helicity component, respec-
tively, of the electric field transmitted through the layer.
It is clear that Imσ± contributes to circular birefringence
and Reσ± , in subleading orders, to circular dichroism.
The power of the optical spin noise spectroscopy lies
in its non-perturbative nature that allows it to probe
the system under study at thermal equilibrium. This is
achieved by tuning the light frequency to a value that
is smaller than the electronic band gap Eg, with the de-
tuning ωd  Eg so as to maximize the observed Fara-
day rotation signal. Dissipative transitions are therefore
forbidden with Reσ± ' 0 , and the optical response is
largely reactive and dissipationless.
2D materials obeying the massive Dirac energy dis-
persion are described by the Hamiltonian H0 =
~v (τkxσˆx + kyσˆy) + (∆/2)σˆz, where v is the band veloc-
ity, ∆ the band gap, σˆ are the Pauli matrices describing
the sublattice degrees of freedom, and τ = ±1 denotes
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2the valley degrees of freedomK,K ′. The valley degrees of
freedom in addition to spins are endowed with magnetic
moments that can couple to time-reversal breaking per-
turbations such as external magnetic fields or circularly
polarized light. Therefore the Faraday rotation will be
sensitive to the electron population differences between
spins and valleys.
To derive the Faraday rotation, we consider the sit-
uation with a nonequilibrium distribution of Fermi lev-
els among the four possible quantum states (K, ↑), (K, ↓
), (K ′, ↑), (K ′, ↓) in the conduction bands of the system,
where ↑, ↓ denote the up and down spins. Intra-valley
spin-conserving scattering is fast compared to intra-
valley spin-flip or inter-valley scattering, so one can write
the corresponding Fermi levels for each spin and valley
as τF,s = F + δ
τ
s , where τ = ±1 corresponds to K,K ′
and s = ±1 to ↑, ↓, F is the equilibrium Fermi energy
measured from the conduction band edge, and δτs is the
nonequilibrium Fermi energy fluctuations for each spin s
and valley τ . Such a nonequilibrium distribution of Fermi
energies is constrained by conservation of the total num-
ber of electrons, therefore δτs must satisfy an implicit
condition given by
∑
s,τ=±1 δn
τ
s = 0 where δn
τ
s is the
density fluctuations corresponding to δτs .
The optical conductivity due to such a nonequilibrium
Fermi level distribution is
δσ± =
∑
τ=K,K′
∑
s=↑,↓
στ±,s(F + δ
τ
s ), (1)
where στ±,s refers to the conductivity for spin s and valley
τ with the frequency label ω suppressed for clarity. We
expand Eq. (1) up to first order in the small parameter
δτs/F as appropriate for small fluctuations. Noting that
the two Hall contributions at the Fermi level F due to
the K,K ′ valleys cancel and using the expressions for θ±,
we obtain the nonequilibrium Faraday rotation
θF =
2pi
1 + [2piImσxx(F )]2∑
τ=K,K′
∑
s=↑,↓
∂Reστxy,s()
∂
∣∣∣∣
=F
δτs , (2)
where σxx is the total longitudinal conductivity summed
over all spins and valleys.
2D transition metal dichalcogenides.– Eq. (2) is appli-
cable to massive Dirac fermion 2D systems or their mul-
tilayered derivatives. In particular, the large energy gap
Eg ∼ eV of 2D transition metal dichalcogenides makes
them especially suitable as prototypical 2D Dirac ma-
terials amenable to study with SNS. Because of spin-
orbit coupling, 2D transition metal dichalcogenides also
exhibit coupled spin and valley dynamics. The low-
energy k.p Hamiltonian near the Brillouin zone corners
K,K ′ is given by [15] H = H0 + HSO, where H0 is the
massive Dirac Hamiltonian defined earlier and HSO =
−λτ(σˆz − 1)sˆz/2 is the spin-orbit coupling term with sˆz
the Pauli matrix describing the spin degrees of freedom
and strength λ ∼ 10 − 100 meV.
With the band gap given by Eg = ∆−λ, the frequency
of the probe laser beam is ω = ∆− λ− ωd. The optical
Hall and longitudinal conductivities are calculated using
the Kubo formalism and we find [24]
Reστxy,s = −
τα
4pi
∆− sτλ
∆− λ− ωdF
τ
s (F , ωd), (3)
Imστxx,s (4)
= − α
8pi
{
2F + ∆− sτλ
∆− λ− ωd
[
1 +
(
∆− sτλ
2F + ∆− sτλ
)]2
+
[
1 +
(
∆− sτλ
∆− λ− ωd
)2]
F τs (F , ωd)
}
,
for each spin and valley s, τ = ±1 and F τs (F , ωd) =
ln|[2F − (sτ − 1)λ + ωd]/[2F + 2∆ − (sτ + 1)λ − ωd]|.
Equations (3)-(4) are valid for our regime of interest
at low temperatures kBT  F and for clean enough
samples such that disorder broadening ~/τ  ωd.
To connect the Faraday rotation fluctuations with ex-
perimental observables, we first express Eq. (2) in terms
of electron densities. The Fermi level fluctuations can
be related to the number density fluctuations as δnτs =
ντs (F )δ
τ
s , where ν
τ
s () = (2+ ∆− τsλ)/4pi(~v)2 is the
density of conduction band states per unit area. The
nonequilibrium spin density fluctuations are given by
δsKz = (δn
K
↑ − δnK↓ )/2 for valley K and similarly for
K ′, whereas the valley density fluctuations are given by
δnK = (δnK↑ + δn
K
↓ )/2, with δn
K′ = −δnK . Using these
relations and substituting Eqs. (3)-(4) in Eq. (2), we ob-
tain the Faraday rotation fluctuations
θF = LsSz + LvNv, (5)
where Sz = (δs
K
z + δs
K′
z )A and Nv = (δnK − δnK
′
)A
are respectively the total spin and total valley polariza-
tion fluctuations over the cross-sectional area A of the
incident probe laser beam, and Ls,v = (L+ ±L−)/A are
the spin and valley coupling coefficients respectively with
L± = ±8piα(~v)2(∆∓λ)/{[ω2p−(2F +∆∓λ)2](2F +∆∓
λ){1 + [2piImσxx(F )]2}}. Equation (5) is a central re-
sult of this Letter. Importantly, valley fluctuations and
spin fluctuations contribute on an equal footing to the
Faraday rotation in Dirac materials. This implies that
the relaxation dynamics of both spins and valleys can be
optically probed using Faraday rotation spectroscopy.
To determine the noise properties of the Faraday rota-
tion, we now derive the kinetic equations governing the
spin and valley fluctuations. To this end, we first obtain
an effective Hamiltonian for conduction band states near
the band edge. Using Lo¨wdin’s partitioning [16] we find
the following effective Hamiltonian for conduction band
electrons with Fermi level F  ∆ in an external field:
Hc =
~2k2
2me
+ τ
~ΩSO(k)
2
sˆz + g˜(k)µBB · sˆ, (6)
3where me = (∆
2 − λ2)/(2∆v2) is the effective mass,
g˜(k) = g[1 + (~vk)2/(∆2 − λ2)] is the renormalized g-
factor and ΩSO(k) = 2λ~(vk)2/(∆2 − λ2). Note that the
spin-orbit coupling acts on conduction electrons as an
effective out-of-plane magnetic field with opposite sign
τ = ± in different valleys.
Using Eq. (6) and the equation of motion for the spin-
valley density matrix [17], we obtain the following kinetic
equations for the total spin fluctuations per valley Sτ and
total valley polarization fluctuations Nv
∂Sτ
∂t
+ τSτ ×ΩSO + Sτ ×ΩL
= −S
τ
Ts
+
S−τ − Sτ
Tv
+ ητs + η
τ
v , (7)
∂Nv
∂t
= −Nv
Tv
+ ηN , (8)
where ΩSO = ΩSO(kF )z is the effective out-of-plane
magnetic field induced by spin-orbit coupling and ΩL =
g˜(kF )µBB/~ at the Fermi level. The spin relaxation time
Ts [18] captures the relaxation of nonequilibrium spin
fluctuations in one valley due to possible spin-flip scatter-
ing with magnetic defects [19] as well as D’yakonov-Perel’
and Elliot-Yafet mechanisms [20]; whereas the valley re-
laxation time Tv describes the relaxation of valley fluc-
tuations due to inter-valley scattering from atomically-
sized non-magnetic impurities or electron-phonon inter-
action that induce momentum transfer on the order of
inverse lattice spacing [21]. ητs and η
τ
v are the corre-
sponding noise sources that describe spin fluctuations S
in valley τ due to spin and valley relaxation respectively,
while ηN describes fluctuations of the valley polarization
Nv. The different physical origin of these noise terms
implies that ητs is uncorrelated to η
τ
v and η
N . The lat-
ter two can also be considered mutually uncorrelated if
inter-valley scattering processes of up and down spins are
statistically independent and equally probable. Due to
the large (mesoscopic) number of electrons involved, the
time correlators of these noise sources at thermodynamic
equilibrium can be regarded as δ-function correlated, and
are constrained by the Fluctuation-Dissipation Theorem
to have the following form [17, 23]
〈(ητs (t))α(ητ
′
s (t
′))β〉 = δττ ′δαβ 2DkBT
Ts
δ(t− t′), (9)
〈(ητv (t))α(ητ
′
v (t
′))β〉 = (δττ ′ − δ−ττ ′)δαβ 2DkBT
Tv
δ(t− t′),
(10)
〈ηN (t)ηN (t′)〉 = 4DkBT
Tv
δ(t− t′), (11)
where α, β = x, y, z, T is temperature and D is the den-
sity of conduction band states at the Fermi surface in the
observation area A per band and per unit energy.
The Faraday rotation noise power follows from Eq. (5):
〈|θ˜F(ω)|2〉 = L2s〈|S˜z(ω)|2〉+ L2v〈|N˜v(ω)|2〉, (12)
FIG. 1: (Color online) Total noise power spectrum (solid
black) and its valley (dashed blue) and spin (dashed red) com-
ponents at Ωeff > 1/Ts, 1/Tv with Ts = 31.42ns, Tv = 3.14ns,
and ΩSO/2pi = 7GHz. (a) ΩL/2pi = 3.5GHz (ΩL < ΩSO),
and (b) ΩL/2pi = 15GHz (ΩL > ΩSO). Faraday rotation is
assumed equally sensitive to valley and spin (L− = 0).
where S˜z(ω) and N˜v(ω) are the total spin and to-
tal valley polarization noise power with X˜(ω) ≡
limTm→∞(1/
√
Tm)
∫ Tm
0
dt eiωtX(t) where Tm is the mea-
surement time. Since ητs , η
τ
v , η
N are mutually uncorre-
lated, the dynamics of the valley polarization Nv decou-
ples from that of the spins and can be readily obtained
as
〈|N˜v(ω)|2〉 = 4DkBT/Tv
ω2 + 1/T 2v
. (13)
The valley dynamics is therefore described by a single
Lorentzian noise power peak centered at zero frequency
that is insensitive to the applied magnetic field, and
the valley relaxation time Tv can be extracted from the
width of the peak. For the spin dynamics, the Langevin
equation for spins Eq. (7) corresponds to an Ornstein-
Uhlenbeck process [23] with the spin noise correlators
given by
〈S˜τα(ω)S˜τ
′
β (−ω)〉 =
(
1
A− iωG
1
AT + iω
)
τα,τ ′β
, (14)
where A is the relaxation time matrix
Aτα,τ ′β = −δαβ (δττ ′/Ts + (δττ ′ − δτ,−τ ′)/Tv) +
δττ ′ (τΩSOεαzβ + ΩLεαxβ) (here εijk is
the Levi-Civita symbol) and Gτα,τ ′β =
δαβ2DkBT (δττ ′(1/Ts + 1/Tv)− δτ−τ ′/Tv). Equa-
tion (14) can be evaluated analytically in closed form
[24].
The 2D transition metal dichalcogenide MoS2 has a
band gap in the optical spectrum ∆ = 1.7eV and spin-
orbit coupling λ = 75meV [15]. For typical Fermi
energies F ∼ 10 meV near the band edge, detun-
ing ωd ∼ 10 meV, and laser spot size A ∼ 1µm2,
we have total spin and valley polarization fluctuations√〈|Sz|2〉,√〈|Nv|2〉 ∼ 200 in the observation region with
a total number of electrons ∼ 104. The Faraday rota-
tion fluctuations is approximately equally coupled to the
4FIG. 2: Spin noise power spectrum of MoS2 at different
values of the external in-plane magnetic field (along x) for
Tv  Ts. (a) ~ΩSO = 2meV, (b) ~ΩSO = 0.2meV. Values of
parameters used are: g-factor g = 2, Ts = 2ns, Tv = 1ps.
valley and spin degrees of freedom with |L−/L+| ≈ 0.1
and the root-mean-squared Faraday angle fluctuations√〈|θF|2〉 ∼ 1µrad, which is within the state-of-the-art
measurement capabilities.
In MoS2, the spin-orbit splitting ~ΩSO ∼ Fλ/∆ ≈
0.5 meV corresponds to a strong magnetic field of ∼ 8 T,
which strongly favors out-of-plane spin alignments and
hence resists Larmor precession due to the applied in-
plane field. Given that the spin relaxation time is ex-
pected to be long Ts ∼ 10ns [20], the behavior of the
noise spectrum will then critically depend on the valley
scattering time. Inter-valley scatterings are seen by elec-
tron spins as random sign changes of the spin-orbit field
ΩSO, so depending on the scattering rate this field may
or may not be effectively averaged to zero. Our studies
of Eq. (14) have identified three basic regimes [24]:
(i) Slow inter-valley scattering: 1/Tv  ΩSO. In this
regime, the Faraday rotation noise power spectrum con-
sists of the valley noise component given by Eq. (13)
and spin noise components (Fig. 1). At small fields
ΩL  ΩSO, the spin noise part of the power spectrum
is a Lorentzian peak centered at zero frequency
〈|S˜z(ω)|2〉 = 4DkBT/Ts
ω2 + 1/T 2s
. (15)
A finite frequency peak starts to emerge at ΩL ∼ ΩSO
[Fig. 1(a)]. It is centered near the effective spin preces-
sion rate Ωeff =
√
Ω2L + Ω
2
SO. At ΩL > ΩSO, the total
noise power clearly consists of two peaks: one centered at
zero frequency due to inter-valley scattering and the fi-
nite frequency peak due to spin precession [Fig. 1(b)]. In
MoS2, ΩSO ∼THz and the finite frequency peak cannot
be resolved with currently accessible 100GHz bandwidth
spectroscopy [13].
(ii) Moderately fast inter-valley scattering: 1/Tv .
ΩSO. In this case, the finite frequency peak still ap-
pears only at large external fields, ΩL ∼ ΩSO. How-
ever, even a moderate in-plane magnetic field (. 1 T)
induces a Dyakonov-Perel-type spin relaxation by mak-
ing the directions of the total field ΩSO + ΩL in K and
K ′ valleys non-collinear with each other. This results
in a broadening of the zero-frequency peak as shown in
Fig. 2(a). The profile is generally non-Lorentzian, for
which we have derived the relative amplitude of the cor-
relator at zero and at finite magnetic fields as 〈|S˜z(ω =
0)|2〉ΩL=0/〈|S˜z(ω = 0)|2〉ΩL 6=0 = 1 + 2Ω2LTs/(Ω2SOTv),
where 〈|S˜z(ω = 0)|2〉ΩL=0. By measuring the evolution
of the peak maximum with a changing external field,
one can therefore obtain the combination of parameters
Ω2L/(Ω
2
SOTv) in addition to the spin relaxation time Ts.
(iii) Fast inter-valley scattering: 1/Tv > ΩSO. In this
case, the out-of-plane spin-orbit field ΩSO is quickly ran-
domized. A moderate magnetic field is then sufficient to
drive Larmor precession which displaces the spin noise
peak from zero frequency to ΩL ∼ GHz, as shown in
Fig. 2(b). We find that the peak is then approximately
Lorentzian near the peak center ΩL with a spin relax-
ation time being renormalized by the fluctuating spin-
orbit coupling 1/T¯s = 1/Ts + Ω
2
SOTv/4. This behavior
can be observed with the state-of-the-art high bandwidth
spin noise spectroscopy [13].
In conclusion, we showed that the Faraday rotation
noise of Dirac electrons is sensitive to fluctuations of both
the spin and valley degrees of freedom. The noise power
spectrum contains an additional peak centered at zero
frequency that is due to valley noise and does not couple
to external in-plane magnetic fields. We also predict that,
due to spin-orbit splitting of electronic bands, a Larmor
peak appears only in relatively strong external magnetic
fields and its width depends on the spin-orbit splitting
and inter-valley scattering rate. A moderate magnetic
field ∼ 0.1−1 T is sufficient to strongly broaden the spin
noise peak centered at zero frequency. If spin relaxation
time is longer than 1 ns, this effect should be observable
even without resorting to more complex high-bandwidth
spectroscopy.
[1] For a recent review see, for example, T. O. Wehling, A.
M. Black-Schaffer, and A. V. Balatsky, Adv. Phys. (sub-
mitted).
[2] C. Jin, F. Lin, K. Suenaga, and S. Iijima, Phys. Rev. Lett.
102, 195505 (2009); N. Alem, R. Erni, C. Kisielowski, M.
D. Rossell, W. Gannett, and A. Zettl, Phys. Rev. B 80,
155425 (2009).
[3] K. S. Novoselov, D. Jiang, F. Schedin, T. J. Booth, V. V.
Khotkevich, S. V. Morozov, and A. K. Geim, Proc. Natl.
Acad. Sci. USA 102, 10451 (2005); K. F. Mak, C. Lee,
J. Hone, J. Shan, and T. F. Heinz, Phys. Rev. Lett. 105,
136805 (2010); A. Splendiani, L. Sun, Y. Zhang, T. Li,
J. Kim, C.-Y. Chim, G. Galli, and F. Wang, Nano Lett.
10, 1271 (2010).
[4] Q. H. Wang, K. Kalantar-Zadeh, A. Kis, J. N. Coleman
and M. S. Strano, Nat. Nanotechnol. 7, 699 (2012).
[5] C. L. Kane, E.J. Mele Phys. Rev. Lett. 95, 226801 (2005);
5T. Cao, J. Feng, J. Shi, Q. Niu, E. Wang, Nature Comm.
3, 887 (2012).
[6] H. Zeng, J. Dai, W. Yao, D. Xiao, and X. Cui, Nature
Nano. 7, 490 (2012).
[7] For recent reviews, see V. S. Zapasskii, Adv. Opt. Pho-
ton. 5, 131 (2013); G. M. Mu¨ller, M. Oestreich, M.
Ro¨mer, J. Hu¨bner, Physica E 43 569 (2010).
[8] S. A. Crooker, L. Cheng, and D. L. Smith, Phys. Rev. B
79, 035208 (2009); M. Oestreich, M. Romer, R. J. Haug,
and D. Ha¨gele, Phys. Rev. Lett. 95, 216603 (2005).
[9] G. M. Mu¨ller et al., Phys. Rev. Lett. 101, 206601 (2008).
[10] S.V. Poltavtsev, et al., arXiv:1311.6587 (2013).
[11] S. A. Crooker, J. Brandt, C. Sandfort, A. Greilich, D. R.
Yakovlev, D. Reuter, A. D. Wieck, and M. Bayer, Phys.
Rev. Lett. 104, 036601 (2010).
[12] R. Dahbashi, J. Hu¨bner, F. Berski, K. Pierz, M. Oestre-
ich, Preprint arXiv:1306.3183 (2013).
[13] F. Berski, H. Kuhn, J. G. Lonnemann, J. Hu¨bner, and
M. Oestreich, Phys. Rev. Lett. 111, 186602 (2013).
[14] W.-K. Tse and A. H. MacDonald, Phys. Rev. B 84,
205327 (2011).
[15] D. Xiao, G.-B. Liu, W. Feng, X. Xu, and W. Yao, Phys.
Rev. Lett. 108, 196802 (2012).
[16] R. Winkler, Spin-Orbit Coupling Effects in Two-
Dimensional Electron and Hole Systems (Springer,
Berlin, 2003).
[17] F. Li, Y. V. Pershin, V. A. Slipko, and N. A. Sinitsyn,
Phys. Rev. Lett. 111, 067201 (2013).
[18] The small spin-orbit coupling corrections ∼ λ/∆ to the
spin and valley relaxation times are neglected in our phe-
nomenological relaxation time approximation. We expect
that such corrections change only the quantitative but
not the qualitative features we find.
[19] M. B. Lundeberg, R. Yang, J. Renard, and J. A. Folk,
Phys. Rev. Lett. 110, 156601 (2013); A. A. Kozikov, D.
W. Horsell, E. McCann, and V. I. Fal’ko, Phys. Rev. B
86, 045436 (2012).
[20] H. Ochoa and R. Rolda´n, Phys. Rev. B 87, 245421
(2013); L. Wang and M. W. Wu, arXiv:1305.3361v1
(2013).
[21] Possible correction from inter-valley spin-flip scatter-
ing, which requires the simultaneous breakdown of time-
reversal symmetry and large momentum transfer, is neg-
ligible compared to intra-valley spin relaxation.
[22] R. Kubo, Rep. Prog. Phys. 29, 255 (1966).
[23] C.W. Gardiner, Handbook of Stochastic Methods for
Physics, Chemistry and the Natural Sciences (Springer,
Berlin, 2004).
[24] Derivation of Eqs. (3)-(4) and detailed expressions of the
spin noise power with its limiting behavior for slow and
fast inter-valley relaxation rates are discussed in the Sup-
plemental Material.
